Sinorhizobium meliloti and Sinorhizobium medicae are two closely related species of the genus Sinorhizobium showing a similar host range, nodulating leguminous species of the genera Medicago, Melilotus and Trigonella, but their phylogenic relationship has not been elucidated yet. In this paper we report the application of three different molecular markers, (i) RFLP of nodD genes, (ii) 16S^23S rDNA intergenic gene spacer fingerprinting and (iii) amplification fragment length polymorphism to S. meliloti and S. medicae strains isolated from the Caucasian area, which is the region of origin of the host plant Medicago. The analysis of data could suggest the origin of S. medicae strains from an ancestral S. meliloti population.
Introduction
The genus Sinorhizobium is up to now composed of ¢ve species (S. meliloti, S. medicae, S. terangae, S. saheli, S. fredii); Turner and Young et al. [1, 2] , investigating the phylogeny of rhizobia with glutamine synthetase, atpD and recA genes, showed that the phylogenetic positions of S. saheli, S terangae and S. fredii were well di¡er-entiated and that S. meliloti and S. medicae are strongly related, forming a tight cluster within the Sinorhizobium group. However, the phylogenetic relationship between S. meliloti and S. medicae was not resolved, indicating that the use of other markers would be useful. S. meliloti and S. medicae [3, 4] show similar host range, nodulating leguminous species of the genera Medicago, Melilotus and Trigonella. S. medicae in particular has the exclusive ability to nodulate and ¢x nitrogen with annual medics, like Medicago polymorpha or Medicago arabica. Originally S. medicae was identi¢ed as S. meliloti subgroup B by MLEE analysis [5] , however after PCR-RFLP analysis and relative DNA homology values it was distinguished as a new species showing 60% DNA homology with S. meliloti [3, 4] . The genetic relationship between these two species has been investigated [6, 7] , however it could be interesting, particularly when analysing strains from the centres of origin of the host plant Medicago, to compare the host plant evolutionary relationship with that of their microsymbiont.
Bacterial species are de¢ned using a range of techniques, but since the work of Woese [8] was published, there has been an increasing reliance on 16S rRNA gene sequence data to identify and classify bacteria. However there are some evidences of chimeric 16S gene sequences and transfer of complete 16S sequence between species [9, 10] suggesting that 16S rDNA-based phylogeny of rhizobia could be misleading.
The 16S^23S rDNA intergenic gene spacer (IGS) sequence exhibits higher variability and discriminating power than 16S ARDRA method and has been used to identify genomic groups at the intraspeci¢c level including Rhizobiaceae [11^19,4]. The ampli¢cation fragment length polymorphism (AFLP) technique [20, 21] is a highly discriminating ¢ngerprinting method, based on the selective PCR ampli¢cation of certain restriction fragments from a digest of total genomic DNA. Originally developed for plant genome studies, this technique has also been used to characterise various bacterial species [22^24,19] . Recently [25^27], the AFLP analysis was compared to other techniques for the classi¢cation of bradyrhizobia ¢nding a strong correlation between data obtained with AFLP and with DNA^DNA hybridisation.
The aim of the present work was to apply three di¡erent molecular markers: RFLP of nodD gene region, 16S^23S rDNA spacer ¢ngerprinting and AFLP, to S. meliloti and S. medicae strains isolated from the Caucasian area, which is indicated as the region of origin of the host genus Medicago [28^29], trying to shed some light on the evolutionary relationships between the two species.
Materials and methods

Strains and species identi¢cation
S. meliloti and S. medicae isolates (Table 1) were sampled from the Caucasian centre of legume diversity [28] . Twenty-seven isolates were trapped (see Table 1 ) by Medicago sativa (cv. Europe),Medicago truncatula (cv. Jemalong) and M. polymorpha (cv. Agnola, Lodi, Italy) from soil samples randomly collected at 19 sites ( Fig. 1 ) under various wild host plants of Medicago and Melilotus genera in the north west of Caucasus during July^August of 1999. Isolates CA82 and CA69, derived from Tadjikistan, Central Asia, were trapped by M. sativa and SB292, originated from Siberia, was trapped by M. truncatula [30] . Rhizobia were cultured on solid or in liquid TY medium [31] with 0.2 g l 31 CaCO 3 . A 16S rDNA internal fragment of 1063 bp of all strains was ampli¢ed using R1n (5P-GCTCAGATTGAACGCTGGCG-3P) and U2 (5P-AC-ATTTCACAACACGAGCTG-3P) primers [32] . Aliquots of the ampli¢ed 16S rDNA were digested by RsaI and fragments separated in 4% gel (3:1 Nusieve:agarose (Biozym, Hess. Oldendorf, Germany) in order to discriminate S. meliloti and S. medicae (N. Amarger, personal communication; [4] ).
RFLP analysis of nodD
Total DNA, used for all the analyses, was isolated by lysozyme-sarcosyl-proteinase K lysis, followed by phenolchloroform extraction and isopropanol precipitation [33] . EcoRI-generated fragments of the total DNA were separated in a 1.0% agarose gel and blotted onto a nylon ¢lter (Hybond-N, Amersham Life Sciences) using a vacuum blotting system (Pharmacia), according to the manufacturer's instructions. The nodD fragment, obtained by ampli¢cation of S. meliloti Rm2011 genomic DNA, using NODD1 (5P-ATCAACCTCAGTCARCCGGC-3P) and NODD2 (5P-GAAAGAATGATCCTGAAACGGC-3P) primers [4] , was partially digested with Sau3A and then labelled with digoxigenin-11-dUTP (Roche, manufacturer's instructions). The hybridisation solution contained 10 ng ml 31 of labelled probe. Prehybridisation and hybridisation were performed under high stringency conditions (68 ‡C, for 4 h and 16 h, respectively, according to manufacturer's instructions).
PCR ampli¢cation and restriction analysis of IGS region
Primers FGPS1490 [34] and FGPS132P [35] were used to amplify the IGS regions. Ampli¢cation reactions were performed in 50 Wl total volume containing: reaction bu¡er (Finnzyme), 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 1.6 U of Taq DNA polymerase (DynazymeII, Finnzyme), 10 pmol of each primer, 25 ng of template DNA. Reactions were performed in a Perkin-Elmer 9600 thermocycler (Perkin-Elmer) programmed for an initial melting at 94 ‡C for 5 min followed by 35 cycles at 94 ‡C for 1 min, 55 ‡C for 55 s, 72 ‡C for 2 min. A ¢nal extension step at 72 ‡C for 10 min was performed. 5 Wl of each ampli¢cation mixture were analysed by agarose gel (1.2% w/v) electrophoresis. For the restriction analysis, approximately 1 Wg of the ampli¢ed IGS, was digested with 2 U of the restriction enzyme in a total volume of 15 Wl for 2 h. Sau3AI and TaqI restriction enzymes (Life Technologies) were used according to manufacturer's manual. Reaction products were resolved by agarose gel (2.5% w/v) electrophoresis. Molecular mass of the bands was estimated by comparing them with a 1-kbp Plus DNA ladder (Life Technologies) using the software PhotoCapt (BioPro¢l).
AFLP analysis
The experimental protocol used was a modi¢cation of Gibco BRL AFLP manual [21] . 200 ng of genomic DNA was digested in 25 Wl ¢nal volume with 5 U of EcoRI and 5 U of MseI (NewEngland Biolabs) using as enzyme bu¡-er the MseI Bu¡er supplied by the manufacturer, for 2 h at 37 ‡C. The inactivation was performed at 70 ‡C for 15 min. 25 Wl of the 2U ligation solution, containing the double-stranded oligonucleotides adapters with singlestranded overhang homologous to 5P-or 3P-ends generated during digestion and T4 DNA ligase (Gibco BRL) were added to the digestion (50 Wl ¢nal volume). The ligation solution was incubated 2 h at 20 ‡C. Ampli¢cation reactions were performed in a 50 Wl total volume containing, 10U reaction bu¡er (Finnzyme), 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 1.6 U of Taq DNA polymerase (DynazymeII, Finnzyme), 10 pmol of each primer, 1 Wl of ligation mixture corresponding approximately to 4 ng of di-gested and ligated genomic DNA. The PCR reaction was performed in a Perkin-Elmer 9600 thermocycler (PerkinElmer) with the following ampli¢cation programme: (94 ‡C for 30 s, 65 ‡C for 30 s, 72 ‡C for 1 min) for 13 cycles, decreasing the annealing temperature of 0.7 ‡C each cycle, followed by (94 ‡C for 30 s, 56 ‡C for 30 s, 72 ‡C for 1 min) for 23 cycles. Primer pEcoRI-T (5P-GAC TGC GTA CCA ATT CT-3P), was labelled with 5P-6-carboxy£uorescein (6-FAM) and primer pMseI-A (5P-GAT GAG TCC TGA GTA AA-3P) was labelled with 5P-4,7,2P,4P,5P,7P-hexachloro-6-carboxy£uorescein (HEX). The PCR ampli¢ca-tion products were analysed with Perkin-Elmer ABI 310 analyser. The capillary was ¢lled by denaturating polymer POP-4 (PE Biosystems). 1.5 Wl of AFLP PCR product and 0.5 Wl of GenScan internal size standard TAMRA-500 (PE Biosystems) were added to 12.5 Wl of deionised formamide. Samples were denaturated for 3 min at 95 ‡C, chilled on ice and transferred into sample tray, they were injected at 15 kV for 3 s into 47 cm capillary and electrophoresed at 15 kV for 30 min at 60 ‡C. The detection ¢lter was ABI 310 ¢lter C. The data analysis was performed by ABI GenScan analysis software (PE Biosystems) and the size of the fragment was obtained using the local Southern algorithm by the comparison with internal size standard (TAMRA-500). The signals used for the data analysis were considered only if generated by both £uorochromes, HEX and 6-FAM.
Data analysis
Bands of equal size were interpreted as homologous. The IGS and AFLP phenotypes of each strain were expressed as a vector of zeroes (for the absence of the band) or ones (for its presence). From the vector matrix a matrix of average taxonomic distances was constructed based on the formula : 
From this matrix a Minimum Spanning Tree was calculated to trace the relationships among strains. Mantel's test [36] was carried out on IGS and AFLP distance matrices ; normalised Mantel Z statistics were calculated after 1000 permutations. All the analyses were performed using the software NTSYS-pc ver. 2.0 [37] .
Results and discussion
In this work Rhizobia strains were trapped from soil samples collected at original centres of legume diversity located in Caucasus, Tadjikistan and Siberia according to the de¢nitions of Vavilov [28] and Ivanov [38] using di¡erent host plants (see Section 2). The 30 rhizobia isolates were classi¢ed by ampli¢cation of 16S RNA 1000 bp internal region digested with RsaI, using S. meliloti Rm2011 and S. medicae CC169 as reference strains. Data obtained allowed to assign 14 native isolates from Caucasus to S. meliloti and the remaining 13 isolates to S. medicae species as shown in Table 1 . The three strains from Tadjikistan and Siberia were also S. meliloti. nodD polymorphism among S. meliloti and S. medicae isolates from Caucasus was analysed using RFLP as described in Section 2. The 8.7-kb and 6.8-kb EcoRI fragments of S. meliloti strain Rm2011 corresponded to nodD1 and nodD2 genes respectively [39] , while the third EcoRI fragment (15.5 kb), carrying nodD3, was found to show hybridisation only under low stringency conditions. For this reason the analysis included only the nodD1 and nodD2 bands. In total, 10 distinct nodD patterns were identi¢ed (Table 1) . Strains belonging to S. meliloti species showed a considerable polymorphism, with eight distinct nodD RFLP types. In contrast, S. medicae strains showed only two genotypes (U and D in Table 1 ), not present among the S. meliloti strains.
The 16S^23S rDNA IGS region of the isolated strains was ampli¢ed by PCR and restricted with two endonucleases as described in Section 2. No strong di¡erence in the size of IGS amplicons was detected between S. meliloti and S. medicae strains with the ¢rst having the spacer region approximately 1450 bp long and the latter 1500 bp.
After digestion, 27 di¡erent DNA fragments were generated that grouped the rhizobium strains in 15 di¡erent haplotypes. Nine haplotypes within S. meliloti strains (seven considering the Caucasian strains only) and ¢ve haplotypes within S. medicae strains were detected suggesting higher genetic diversity for the ¢rst species. A Minimum Spanning Tree was constructed in order to depict the network of relationships which connect each group of haplotypes to the genetically nearest one (Fig. 2a) . The S. fredii strain was found to be connected to the main group of S. meliloti haplotypes. From this S. meliloti main group, ¢ve more branches radiated: four branches connected the other S. meliloti strains; the ¢fth branch linked the S. meliloti main group to the groups of all the S. medicae strains.
Among several primers tested for the AFLP analysis, pEcoRI-T and pMseI-A, that gave approximately 40 ampli¢cation products between 30 and 500 bp in the USDA 1002 S. meliloti type strain, were selected. The use of these primers on the genomic DNA of the 29 strains gave 162 di¡erent fragments allowing to distinguish each of the strains analysed as a single haplotype. To clarify the network of connections which linked each strain to the nearest one a Minimum Spanning Tree was calculated from the distance matrix obtained and the resulting plot is shown in Fig. 2b . S. meliloti and S. medicae appeared clearly separated even by this analysis; the S. fredii strain was again connected to S. meliloti (strain T32) which subsequently branched to another four S. meliloti strains (and from those to the rest of S. meliloti) and to the S. medicae through strain P22. The exception among the S. medicae was strain P36, which was located on an external branch derived from the S. meliloti groups. The Mantel's test carried out on the distance matrices of AFLP and IGS-RFLP showed a signi¢cant correlation between the two methods (r = 0.42, P 6 0.002).
The analysis of data from three di¡erent genotypic methods, IGS, AFLP and nodD RFLP, suggest that S. medicae strains were originated from an ancestral S. meliloti population. In fact both AFLP and IGS showed that S. meliloti strains were directly connected to S. medicae and that the third species S. fredii was connected with and closer to S. meliloti rather than to S. medicae. The hypothesis that S. meliloti is ancestral to S. medicae seems to be con¢rmed also by the highest polymorphism in nodD types of S. meliloti strains.
The generally accepted common course of evolution of the genus Medicago proceeded from diploid ancestors to tetraploid and hexaploid species [38] ; on the other hand S. meliloti is more speci¢c for tetraploid M. sativa while S. medicae prefers diploid Medicago species. Therefore the results presented here seem to indicate that Sinorhizobium phylogeny was apparently related with host plant phylogeny. This conclusion could be considered in agreement with the hypothesis that the speciation of rhizobia occurred before the evolution of legumes [1] . Moreover, recently, it was demonstrated that two species, not related to Rhizobiaceae family, can form active nodules in some tropical legumes [40, 41] , con¢rming that the ability and the speci¢city of nodule formation could horizontally be transferred and thus is not directly related to the phylogeny of nodulating bacteria. AFLP data, analysed following Mougel et al.'s parameters of genome divergence [25] (data not shown), are well in agreement with those obtained by the same authors in Agrobacterium and support the use of AFLP for phylogenetic analysis of related bacterial species.
